Drought stress is one of the most serious limitations for the growth and yield of wheat worldwide. Under changing climatic conditions, understanding the urea fertilizer requirement for wheat could be helpful for improving the quality and quantity of yield. The effects of different urea fertilizer levels were evaluated for some biochemical and physiological properties of four wheat cultivars under two irrigation regimes. This experiment was conducted in a split-split plot, randomized complete block design, with three replications. The main plots were irrigation (normal irrigation and irrigation terminated at the stem elongation stage). The experimental plots employed four wheat cultivars ('Shirudi' , 'Chamran' , 'Chamran 2' , and 'Sirvan') and four levels of urea fertilizer treatment (0, 120, 240, and 360 kg ha −1 ), at two locations, Khodayan (52°20' E, 29°8' N) and Nasrabad (52°64' E and 29°58' N), Fars Province, Iran. Results from the full analysis of variance across the two locations indicated considerable differences in yield parameters between irrigation, rates of urea application, and cultivars (p < 0.01). Interaction effects of location, irrigation, cultivars, and urea levels were also significant for Chl b, 1,000-seed weight, and seed yield (p < 0.01). The data indicated that termination of irrigation led to a reduction in RWC (20%), total chlorophyll content (30%), carotenoids (19%), 1,000-seed weight (18%), grain yield (29%), and a promotion in ionic leakage (17%) and proline accumulation (4%), in comparison to the controls. According to these results, 'Chamran' and 'Shirudi' showed the greatest tolerance to reduced irrigation and that using 240 kg ha −1 urea may effectively moderate the adverse effects of this in these and other wheat cultivars.
Introduction
Water deficit is a major stress for crop production which can have substantial adverse impacts on physiological and biochemical processes, plant growth and development, and crop yield components [1] . It is important to seek new drought resistance genes from different wheat genotypes and introduce new cultivars for conventional breeding [2] . However, the nitrogen requirement of the crop may be affected by drought stress. Thus, understanding the effect of crop water status for nitrogen application is likely beneficial for ensuring the highest yield [3] . Urea fertilization is a common agricultural practice for promoting yield. However, its success depends more on the soil water status than the timing and amount of its application [4] . Early stages of vegetative growth including tiller proliferation depend on the accessibility of water and nitrogen supply DOI: 10.5586/aa.1788 [4] . Moreover, water and nitrogen limitation at the heading stage can result in flowering failure and subsequently lead to a diminished number of grains in the head [5] .
Ahmed et al. [6] have indicated that some bread wheat lines show better osmotic adjustment capacities with a high relative water content (RWC) than other lines under conditions of water deficit. They reported that a capacity for osmotic adjustment and RWC could be used for screening the drought tolerance of bread wheat genotypes. Some data reported in the literature show that rate of photosynthesis is dependent on nitrogen bioavailability. This positive and strong correlation between photosynthetic potential and nitrogen content of leaves indicates that a major part of nitrogen taken up is consumed by the photosynthetic apparatus [7] [8] [9] . Wheat fertilized with nitrogen rapidly reacts to promote drought stress by closing stomata leads which to a decline in the rate of net photosynthesis [10] . Free proline is a common compatible osmolyte and its concentration is increased in drought-stressed plants [11, 12] . Proline accumulated in plant tissues during an environmental stress such as drought could therefore be used as a marker for the extent of the stress [13] . Accumulation of this amino acid is an adaptive response of plants to the stress signal [14] .
The aim of the present study was to evaluate the effects of different application rates of urea on some biochemical and physiological responses and grain yield of four wheat cultivars under different irrigation regimes.
Material and methods
The experiment was conducted in a split-split plot fully randomized complete block design. The main plot included irrigation (a normal irrigation regime and irrigation terminated at the stem elongation stage). Subplots were four wheat cultivars, including three semidwarf cultivars: 'Shirudi' , 'Chamran' , and 'Chamran 2' and one dwarf cultivar, 'Sirvan' . The sub-subplots were four levels of urea fertilizer application: (0, 120, 240, and 360 kg ha −1 ) with three replications at two locations; Khodayan (52°20' E, 29°8' N) and Nasrabad (52°64' E and 29°58' N), both in Fars Province, Iran.
Field operations
The field operations were performed according to common local methods (ploughing, disc harrowing, land leveling and furrowing). Fertilizer requirements were determined and applied according to the soil analyses (Tab. 1). The average rainfall and temperatures during the 2016 growing season at the two locations are presented in Tab. 2. Each experimental plot comprised six rows, 4 m in length, 0.2 m apart between rows, with 450 plants m −2 . Granstar (750 g kg −1 Tribenuron-methyl in the form of water-dispersible granules) and Puma Super (Fenoxaprop-P-ethyl) herbicides were used to control narrow and broad leaf weeds, respectively, at the stem extension stage of the wheat plant growth. Harvesting of the crop was carried out when a 14% moisture content of the grain was attained. At the end of the growing period, seed yield, yield components, and other indices were measured or determined.
Chlorophylls a and b and carotenoid concentrations
For the determination of photosynthetic pigment concentrations, 0.1 g of fresh leaves were extracted with 15 mL 80% acetone and centrifuged at 5,000 g for 10 min. The absorbance of the supernatant was measured at 663, 647, and 470 nm for chlorophyll a, chlorophyll b, and carotenoids, respectively [15] . 
Free proline determination
Four leaf discs of 1-cm diameter were randomly selected for each sample. The fresh discs were weighed and immediately placed into liquid nitrogen to freeze. Then, 4 mL of deionized water were added to each sample and boiled for 30 min. Aliquots of 200 µL of the prepared extracts were analyzed for free proline concentrations using the standard ninhydrin method [16] .
Ionic leakage analysis
Electrolyte leakage (EL) was determined to evaluate leaf membrane damage using the method previously described by Valentovič et al. [17] with some modifications. In brief, 0.5 g of each leaf sample was washed and placed in a tube containing 20 mL deionized water and incubated for 24 h at room temperature. The initial electrical conductivity of the solution (L1) was recorded. Then, samples were autoclaved at 120°C for 20 min and after cooling to room temperature, a second conductivity measurement (L2) was made. The EL was then calculated as: EL (%) = (L1/L2) × 100.
Relative water content of leaves
The RWC values were calculated by the following equation: RWC = (FW − DW)/(TW − DW) × 100, where FW and DW are, respectively, fresh and dry weights of the leaf and TW is the fully turgid weight of the leaf after 24-h floating in distilled water.
Data analysis
Data were analyzed using the general linear model (GLM) procedure of the statistical analysis package SAS 9.2 (SAS Institute, Cary, NC, USA). When the analysis of variance indicated significant treatment effects, Duncan's multiple range tests were used to compare treatment means at p < 0.05. 
Results

Relative water content
According to the analysis of variance (Tab. 3), irrigation regimes and urea application rates had significant effects on RWC at the 1% probability level. Comparison between treatments means showed that termination of irrigation led to a 20% reduction in RWC in comparison to the control. Furthermore, RWC increased by 5%, 8%, and 12% after application of 120, 240, and 360 kg ha −1 urea, respectively. Results also showed that the highest RWC was in 'Chamran' (73%). This cultivar with 360 kg ha −1 urea fertilizer application showed the highest RWC under both normal and reduced irrigation (89% and 77.5%; Tab. 4).
Total chlorophyll and carotenoid concentrations
The effects of irrigation and urea application rates were significant on both chlorophyll and carotenoid concentrations (Tab. 3; p < 0.01). Termination of irrigation led to 30% and 19% reduction in chlorophyll and carotenoid concentrations, respectively, when compared to normal irrigation. Moreover, 120, 240, and 360 kg ha −1 urea increased the chlorophyll concentration by 40%, 33%, and 37% as well as that of the carotenoids (17%, 21%, and 22%, respectively). It was found that the highest chlorophyll (3.5 mg g −1 FW) and carotenoid (0.5 mg g −1 FW) concentrations were in 'Chamran' . This cultivar also showed the highest chlorophyll concentration (5 mg g −1 FW) at 360 kg ha −1 urea and the highest carotenoids concentration (0.547 mg g −1 FW) in 240 and 360 kg ha −1 urea under the normal irrigation regime. However, after terminating irrigation the highest chlorophyll concentration (4.12 mg g −1 FW) was observed in 'Chamran' with 240 kg ha −1 urea and the highest carotenoids (0.517 mg g −1 FW) concentration was also in this cultivar at this rate of urea application (Tab. 4).
Proline accumulation
As shown in Tab. 5, irrigation and rates of urea application had significant effects on proline concentrations (p < 0.01). Termination of irrigation reduced proline in comparison to the normal conditions. Applications of 120, 240, and 360 kg ha −1 urea led to an increase in free proline (30%, 32%, and 47%, respectively). Cultivar 'Chamran' showed the highest proline concentration under both normal irrigation and reduced irrigation (6.67 and 7.175 mg g −1 FW, respectively). Proline was at the highest concentration in this cultivar at 360 kg ha −1 urea (Fig. 1) . 
Ionic leakage level
The effect of irrigation regimes, rates of urea application and their interaction had significant effect on ionic leakage between wheat cultivars (Tab. 5; p < 0.01). Termination of irrigation increased the ionic leakage by 17%. Likewise, applications of 120, 240, and 360 kg ha −1 urea decreased the ionic leakage by 4%, 7%, and 8%, respectively. The greatest ionic leakage (47%) was observed in 'Chamran 2' . With terminated irrigation, the lowest ionic leakage (37%) was in 'Chamran' at 240 and 360 kg ha −1 urea. Under normal irrigation, the lowest ionic leakage (32%) was observed in 'Chamran' at 360 kg ha −1 urea (Fig. 2) .
Thousand-seed weight and seed yield
Comparison of treatment means between cultivars for the two types of irrigation showed that the highest 1,000-seed weight (43.56 g) and seed yield (267.81 g m −2 ) were in 'Shirudi' . With terminated irrigation, 'Chamran 2' supplied with 120 kg ha −1 urea and 'Shirudi' supplied with 240 kg ha −1 urea gave higher 1,000-seed weights (46.38 g; Fig. 3 ) and seed yield (322 g m −2 ; Fig. 4 ), respectively. Under normal irrigation, the greatest 1,000-seed weight and seed yield were produced by 'Sirvan' at 120 kg ha −1 urea (53.3 g; Fig. 3 ) and 'Chamran' at 240 kg ha −1 urea (441.7 g m −2 ; Fig. 4 ). However, with reduced irrigation the highest 1,000-seed weight and seed yield were in 'Chamran 2' supplied with 120 kg ha −1 urea (46.38 g; Fig. 3 ) and 'Shirudi' supplied with 240 kg ha −1 urea (322.0 g m −2 ; Fig. 4 ). 
Discussion
Drought stress conditions can induce harmful effects on crop plants which result in a reduction in RWC and an increase in electrolyte leakage [18] . Evidence from data reported in the literature demonstrates that a higher RWC is associated with a greater resistance to water deficit stress [19, 20] . In the present study, the leaf RWC was greatly diminished by the termination of irrigation. However, after adding urea fertilizer at an appropriate rate, the RWC was improved. Reduction in RWC can reduce water availability to the roots and subsequently, transpiration processes will be affected by the water deficit. Evaluation of RWC in leaf tissues is therefore a suitable indicator of water status in crop plants [21] and is routinely used for this purpose [22] . Our results showed that termination of irrigation led to a 20% reduction in RWC. This is agreement with two previous studies which showed that the RWC of bean leaves under drought stress was significantly lower when compared to control plants [23, 24] . It is well documented that a reduction in chlorophyll concentrations during water deficit conditions is correlated with diminished photochemical activities in the chloroplasts; photosynthesic performance is thus negatively affected. Nitrogen is a major component of proteins, chlorophyll, and the key photosynthetic carboxylating enzyme, rubisco. Limitation in nitrogen availability during water deficit has also been shown to have a negative influence on both chlorophyll concentrations and rubisco activity [25] . A considerable proportion of plant nitrogen is accumulated in rubisco [26] and an adequate supply of nitrogen can potentially aid the recovery of the photosynthetic biochemistry under water deficit conditions. However, after intense drought stress this recovery is limited [27] . Given the fact that about half of the nitrogen in the green part of crops participates in the light-dependent phase of photosynthesis, an additional nitrogen supply may improve photosynthetic potential and stomatal control in normal irrigation and water deficit conditions [28] .
Enzymatic and nonenzymatic antioxidants including free proline and carotenoids are needed to maintain the balance between ROS production and radical scavenging in plants [29] . Enhancement of free proline accumulation by additional applied nitrogen may lead to a greater capability in amino acid synthesis [30] . Carotenoids with structural functions and antioxidant activity not only prevent cells from lipid peroxidation and improve cell membrane stabilization [31] , but also have critical roles in photosynthesis and photoprotection [32] . Any changes in plant membranes under abiotic stresses are often related to enhancement in permeability and damage to their integrity [33] . Thus, the ability of membranes to regulate ion transfer between the inside and outside of cells could be used to evaluate injury to plant tissues. Our results showed that water deficit increased the ionic leakage and applied urea mitigated this effect. Similarly, one report has indicated that electrolyte leakage in maize decreased after nitrogen fertilization [17] and there is a further report of a higher electrolyte leakage in drought-stressed plants of this crop [34] . Our research has shown that termination of irrigation led to a decline in the 1,000seed weight and overall seed yield, and that urea fertilization at an optimum rate of application moderated the negative effects of water deficit in the wheat cultivars tested. Other workers have reported a negative influence of water deficit stress on the 1,000-seed weight, and that by using a higher nitrogen level a depletion in grain weight resulted during drought stress in wheat crops [35, 36] .
Total chlorophyll and carotenoid concentrations were reduced by terminating irrigation, but urea application reduced this depletion. It was found that under normal irrigation conditions, the greatest 1,000-seed weight and the seed yield were in 'Shirudi' , and under reduced irrigation, the highest mean values for these yield components were shown by 'Chamran 2' and 'Shirudi' .
Conclusion
Different wheat cultivars may have different reactions and potential to adapt to reduced irrigation based on their genotype. Urea (a common source of nitrogen fertilization) is very soluble in water and so at low concentrations, the roots of wheat need to absorb more water to take up the optimal nitrogen requirement. Thus, with any reduced irrigation conditions, prediction of this optimal dosage of urea could play a pivotal role in mitigating the negative effects of this stress. Based on our results, wheat 'Chamran' and 'Shirudi' showed the greatest tolerance to a reduction in irrigation, and an application of 240 kg ha −1 urea was effective in alleviating the adverse effects of terminating irrigation at the stem elongation stage.
